Physiologically based pharmacokinetic (PBPK) models require estimates of catalytic rate constants controlling the metabolism of xenobiotics. Usually, these constants are derived from whole tissue homogenates wherein cellular architecture and enzyme compartmentation are destroyed. Since the nasal cavity epithelium is composed of a heterogeneous cell population measurement of xenobiotic metabolizing enzymes using homogenates could yield artifactual results. In this article a method for measuring rates of metabolism of vinyl acetate, a metabolism-dependent carcinogen, is presented that uses whole-tissue samples and PBPK modeling techniques to estimate metabolic kinetic parameters in tissue compartments. The kinetic parameter estimates were compared to those derived from homogenate experiments using two methods of tissue normalization. When the in vitro gas uptake constants were compared to homogenatederived values, using a normalization procedure that does not account for tissue architecture, there was poor agreement. Homogenatederived values from rat nasal tissue were 3-to 23-fold higher than those derived using the in vitro gas uptake method. When the normalization procedure for the rat homogenate-derived values took into account tissue architecture, a good agreement was observed. Carboxylesterase activity in homogenates of human nasal tissues was undetectable. Using the in vitro gas uptake technique, however, carboxylesterase activity was detected. Rat respiratory carboxylesterase and aldehyde dehydrogenase activities were about three and two times higher than those of humans, respectively. Activities of the rat olfactory enzymes were about equivalent to those of humans. K m values did not differ between species. The results suggest that the in vitro gas uptake technique is useful for deriving enzyme kinetic constants where effects of tissue architecture are preserved. Furthermore, the results suggest that caution should be exercised when scaling homogenate-derived values to whole-organ estimates, especially in organs of cellular heterogeneity. © 1998 society of Toxicology.
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Vinyl acetate is used as polyvinyl acetate emulsions in latex paints, adhesives, and in paper board coatings. Vinyl acetate is ' To whom correspondence should be addressed. Fax: (302) 451-4827. E-mail: matthew.s.bogdanffy@usa.dupont.com. also used in the manufacture of polyvinyl alcohol. Vinyl acetate induced nasal tumors in rats and nonneoplastic chronic nasal toxicity in both rats and mice at 200 and 600 ppm when tested in long-term inhalation studies (Bogdanffy et al., 1994) . Tumors arose from both respiratory and olfactory regions of the nose and included squamous cell carcinoma, carcinoma in situ, and benign endophytic and exophytic papilloma.
In vivo mutagenesis studies with vinyl acetate are generally negative, especially when tested at sublethal levels by the inhalation route (Owen, 1980a,b; Maki-Paakkanen and Norppa, 1987) , as are in vitro mutagenesis assays with prokaryotes (Lijinski and Andrews, 1980; Brams et al., 1987) . However, vinyl acetate has been reported to be genotoxic without activation in a number of in vitro assays employing cultured human lymphocytes or Chinese hamster ovary cells (Jantunen et al., 1986; Norppa et al., 1985; Lambert et al., 1985; He and Lambert, 1985) . Simon et al. (1985) showed that vinyl acetate is hydrolyzed to acetic acid and acetaldehyde, a rearrangement product of vinyl alcohol, in preparations from rat and human plasma and rat liver and lung. The reaction is catalyzed by carboxylesterase, an enzyme known to be present in high quantities in specific cell types of the nasal mucosa (Bogdanffy et al., 1987; Dahl et al., 1987) . Both acetic acid and acetaldehyde (Appelman etal, 1982; Stott and McKenna, 1985) are nasal toxicants, and acetaldehyde has been shown to cause DNA-protein crosslinks (Lam etal., 1986) and tumors (Woutersen etal., 1986) in the rat nasal cavity. The kinetics of vinyl acetate metabolism in rat and mouse nasal tissue homogenates have been investigated . Metabolism to acetaldehyde was found to be highly efficient in nasal mucosal tissues. The rate of hydrolysis in nasal respiratory mucosa is about the same as or greater than that of rat liver or lung (Simon et al., 1985) . The rate of hydrolysis in nasal olfactory mucosa homogenates is about an order of magnitude greater than that of rat liver.
Nasal mucosa of several species has been shown to possess an active xenobiotic-metabolizing system that includes oxidative cytochrome P-450 systems, reductases, alcohol and aldehyde dehydrogenases, phase II hydrolytic and conjugation enzymes, flavin monoxygenases, and carboxylesterases (Dahl and Hadley, 1991) . Several of these enzymes have been local-ized histochemically and are found in discrete cell types within respiratory and olfactory mucosae (Bogdanffy, 1990) . In respiratory tissues, carboxylesterase is found primarily in ciliated and nonciliated epithelial cells. In olfactory tissue, the enzyme activity is stratified through the depth of the tissue and is found in sustentacular cells of the epithelial cell layers and most predominantly in Bowman's glands of the lamina propria. There appears to be no activity in the sensory cells, the cell bodies of which are located above the basement membrane. Therefore, when carboxylesterase kinetic constants are measured using whole tissue homogenates, activity values obtained may be artificially higher than the true activity found in the superficial sustentacular cell layer.
Accurate measures of enzyme kinetic constants are critical to the development of reliable physiologically based pharmacokinetic (PBPK) models. Kinetic constants derived from homogenized preparations of tissues do not reflect the role of tissue architecture in compartmentalization of enzyme activity. Thus, proper characterization of carboxylesterase activity is important to the overall understanding of the mode of action of vinyl acetate and the development of realistic PBPK models. The purposes of this research were (1) to compare kinetic constants derived using a new method for measuring metabolism of vinyl acetate vapor in intact nasal tissues of rats and humans to those derived using standard approaches that employ whole tissue homogenates, (2) to compare these estimates to rates of metabolism measured in vivo, and (3) to draw inferences regarding the cellular location of the bulk of the metabolic activity. 
Rodent and Human Tissues
Adult male CrlCD: BR rats (weight, 250-350 g) were obtained from Charles River Breeding Laboratories (Raleigh, NC). Upon receipt, rats were placed in stainless steel wire-mesh cages, housed individually, and quarantined for a 1-week period. All rats were observed with respect to eating habits, weight gain, and any gross signs of disease or injury. All rats were clinically normal and free of antibody liters to pathogenic murine viruses and mycoplasma and free of pathogenic endo-and ectoparasites and bacteria. All rats were provided with Purina Certified Rodent Chow (Ralston Purina, St. Louis, MO) and tap waier ad libitum. Rats were euthanized by lethal overdose of sodium pentobarbital (2 ml, 65 mg/ml, ip) and exsanguination. The maxilloturbinate and the ventral scroll of the third ethmoturbinate (3EV) (Mery etai, 1994) of rats were selected for study since each is lined with relatively pure populations of respiratory and olfactory epithelia, respectively (Uriah and Maronpot, 1990 recently deceased donors were obtained within 2 h of death, packed in ice-cold Williams medium E, and shipped on ice to our laboratory by overnight courier. Dissection of the cranial section occurred within 24 h of death. The cranial sections were dissected such that the internal nasal cavity was exposed by removal of the hard palate. Tissues from the nasal septum, middle turbinate, superior turbinate, and dorsal meatus were removed into Williams medium E (GIBCO Laboratories, Grand Island, NY) on ice. Tissues from each donor were removed from the same location within the nasal cavity. Each tissue section was divided into four pieces. The two ends of each piece were fixed in zinc formalin and processed for histopathological evaluation of tissue integrity. The two inner sections were used for measures of vinyl acetate metabolism by gas uptake and homogenate techniques.
Tissue Homogenate Preparation
Human nasal tissues were homogenized in 0.1 M phosphate buffer containing 1 mg/ml semicarbazide, adjusted to pH 7.4. Semicarbazide is an aldehydetrapping agent. Homogenates were centrifuged for 5 min at approximately 500g to pellet debris and were then frozen on dry ice. Protein concentration was measured using the fiuorescamine assay and bovine serum albumin as the standard (Bohlen et al, 1973) . The final concentration of protein in respiratory and olfactory mucosal homogenates of human tissues ranged from approximately 0.53 to 1.05 mg/ml. These concentrations for rats ranged from approximately 0.25 to 0.40 mg/ml, respectively (Bogdanffy and Taylor, 1991) .
Hydrolysis Assay
Reaction mixtures consisted of 200 ix\ of 0.1 M phosphate buffer containing 1 mg/mL semicarbazide, 5-20 /J.1 mucosal homogenate, and 5 f±\ of a solution of vinyl acetate in acetonitrile. Acetonitrile was chosen as the solvent since preliminary studies showed no effect of acetonitrile on esterase activity at the concentration used here. Reactions were started by adding vinyl acetate, incubated at 37°C for up to 10 min, and terminated by the addition of 785 JJ.1 ice-cold acetonitrile. Tissue blanks containing 10 fi.1 phosphate buffer instead of homogenate were run simultaneously to correct for nonenzymatic hydrolysis. Substrate blanks were also run to correct for interfering contaminants from the homogenates, although none were detected. The data reported for rat tissue are recalculated from Bogdanffy and Taylor (1991) as described below (see Methods for Scaling Enzymatic Activity Data to Whole-Nose Equivalents).
HPLC Analysis
Samples were passed through 0.45-(xm filters before analysis. Acetaldehyde was measured according to published methods (Farrelly, 1980; Brady et al., 1988) . Briefly, samples were derivatized in 0.1 N HC1 with 2,4-dintrophenyl hydrazine. The hydrazone was chromatographed on a Hewlett-Packard 1090 M high-pressure liquid chromatograph using an isocractic mobile phase of 50:50 acetonitrile:water, a 10-cm Brownlee C ]8 cartridge column (Rainin Instruments Co., Woburn, MA), and a detection wavelength of 340 nm. AcetaldeDownloaded from https://academic.oup.com/toxsci/article-abstract/46/2/235/1634751 by guest on 31 December 2018 hyde in samples was quantified by comparison against freshly prepared standards of known concentration.
In Vitro Gas Uptake Methodology
Vinyl acetate metabolism was measured using whole-rat turbinates or sections of human nasal tissue as follows. Each sample was placed in a separate 25-ml scintillation vial with a cap containing a Teflon-coated rubber septum. Approximately 1 ml of vial headspace was replaced with vinyl acetate vapor to achieve nominal concentrations ranging from 300 to 30,000 ppm. The vial was then incubated in a rotary shaker at 37°C for up to 30 min during which headspace samples (200 jil) were removed at approximately 5-min intervals and the vinyl acetate concentration quantified by gas chromatography. For rat tissues, duplicate experiments were run at each concentration. For human tissues duplicate experiments were run at each concentration for five separate individuals. The mean values from these analyses were used to optimize the kinetic constants of the physiological model.
Headspace samples were injected into a Hewlett-Packard 5890 gas chromatograph equipped with a NON-PAKD 0.54 ixm i.d. X 10 M column, with an AT-1000 film thickness of 1.2 (ira (Alltech, Deerfield, IL). Gas chromatography conditions were as follows: injector temperature, 150°C; oven temperature, 40°C isothermic; flame ionization detector temperature, 200°C; carrier gas, helium at 3.8 ml/min. Acetaldehyde and vinyl acetate had retention times of approximately 1.3 and 1.7 min, respectively. Analyses of vinyl acetate concentrations at or above 30,000 ppm were done using a Alltech NON-PAKD column with an AT-1 film thickness of 5.0 /i,m. This column gave acetaldehyde and vinyl acetate retention times of approximately 1.2 and 3.7 min, respectively. Headspace concentrations were determined by comparison against gas bag standards that were prepared daily. Detection limits were at least five times lower than the lowest concentration measured for each analyte. At the end of the experiment, the tissue specimens were placed in zinc formalin and processed to hematoxylin-and eosin-stained slides.
Physiologically Based Modeling
The loss of vinyl acetate from the vial and the appearance of acetaldehyde into the headspace were modeled using a transient multicompartment model and coded in ASCL (MGA Software, Concord, MA). The tissue was represented by a stack of identical compartments of equal depth (10 jxm), surface area, and volume ( Fig. 1) . The individual compartments represented epithelial cell, basal cell, or submucosal tissue in the respiratory and olfactory mucosae. Quantitative estimates of the epithelial cell depth and basal cell depth in the respiratory and olfactory mucosa are listed in Table 2 and discussed below. Lying below the basement membrane in both respiratory and olfactory tissue is the submucosa with a depth of approximately 100 Jim in rats and 300 fim in humans.
The chemical species in the vial (either vinyl acetate or acetaldehyde) was assumed to be well mixed and was represented by a bulk air-mixed mean concentration. The vapor is transported from air to the tissue surface by diffusion. The diffusivity of the vapor in the tissue is approximated by its diffusivity in water (Lide, 1993) . The vapor diffusivity in all the tissue subcompartments is assumed to be equal. The model then accounts for partitioning of the vapor at the air tissue interface using a aintissue partition coefficient of 29 for vinyl acetate (Plowchalk el ai, 1997) and 140 for acetaldehyde (Morris, 1997) . After the vapor enters the tissue, further removal from each tissue compartment is by two pathways: (1) via diffusion to the adjacent compartment and (2) via metabolic activity. A schematic of this model in shown in Fig. 1 , and the set of differential equations describing the transport processes in the air phase and the tissue is presented in the Appendix.
The rate of removal of vinyl acetate and the addition of acetaldehyde to the headspace is proportional to the extent of vinyl acetate metabolism in the tissue compartments. This, in turn, is dependent on the enzyme activity in the various compartments. The model enables enzyme activity to be assigned to tissue compartments consistent with histochemical and immunohistochemical studies of nasal carboxylesterase and aldehyde dehydrogenase activity (Bogdanffy et al., 1986 (Bogdanffy et al., , 1987 Olson et ai, 1993; Lewis et al, 1994 Vapor is transported to the airtissue interface by diffusion and partitions into the superficial epithelium. Metabolic activity is distributed in the tissue compartments according to observations from enzyme histochemistry. Thus carboxylesterase activity is found in the superficial and basal cell layers of the respiratory tissue model and in the submucosal layers of the olfactory tissue model. Aldehyde dehydrogenase activity is located in the superficial and basal epithelial cell compartments of respiratory tissue and basal and submucosal compartments of olfactory tissue. Diffusion between tissue stacks is controlled by an intercompartmental transfer coefficient (Morris et at, 1993) . Each compartment in the tissue stack is 10 fim in depth. Metabolically formed acetaldehyde and acetic acid can diffuse to other compartments or partition to the air phase. VA, vinyl acetate; AAld, acetaldehyde; AA, acetic acid.
tissue, carboxylesterase and aldehyde dehydrogenase activity were located within the epithelial and basal cell compartments. For olfactory mucosa, carboxylesterase activity was confined to the apical aspect of the sustentacular cells and submucosa. Aldehyde dehydrogenase activity was confined to the basal cell compartment and the submucosal compartments in the olfactory tissue. The kinetic constants per experimental specimen (V miul and K m ) for each enzyme activity were then obtained by numerically optimizing the model to fit the experimental data set.
Estimates of Tissue Surface Areas
Turbinate surface areas were estimated using a three-dimensional, anatomically accurate computer model of the F344 rat nasal passages. The computer model was constructed using methods described by Kimbell et al. (1993) . Briefly, serial step sections made through the entire nose of a 315-g F344 male rat were photographed, and airway outlines on the right-hand side of the nasal passages were digitized. Using in-house software (Godo et al., 1995) and the finite element software package FIDAP (Fluent, Inc., Lebanon, NH), twodimensional grids, or meshes, were generated in the shape of each airway cross section and connected together by lines in the axial direction. This process approximated the three-dimensional shape of the nasal passages by small, six-sided boxes called elements. The model was compared to metal casts of the airways and previously reported morphometric measurements and showed adequate anatomical accuracy .
The extents of the maxilloturbinate and 3EV ethmoturbinate dissected for Bogdanffy et al, 1986; Talamo et al, 1995 Bogdanffy et al, 1986 Talamo et al, 1995 Gross et al, 1982 DeSesso, 1993 Gross et al, 1982 DeSesso, 1993 Calculated Calculated Calculated Estimated from FIDAP computer model Calculated Estimated from FIDAP computer model Calculated Calculated " Experimental specimens were rats, whole maxilloturbinate; and humans, a cross section block of middle turbinate. * Experimental specimens were rats, ventral scroll of the third ethmoturbinate; and humans, olfactory mucosa from the dorsal meatus. c Single observed value.
this study were marked as separate regions on the surface of the computer reconstruction (Fig. 2) . Surface areas for each turbinate were approximated by adding together the areas of each grid element face in each marked region. Human middle turbinates were cut in cross section to approximately 0.5 X 0.5-cm blocks. The specimen cross section appears as half an oval, or Ushaped, with each side of the U being equivalent to an exposed surface. Since these turbinates have two surfaces lined with respiratory epithelium, the surface area of the tissue specimen exposed to vinyl acetate was 0.5 X 0.5 cm X 2 = 0.5 cm 2 . The lateral-to-medial distance between the two surfaces was approximately 0.5 cm, resulting in a tissue block of approximately 0.125 cm 3 . Assuming the tissue has the same density as water, the tissue weight was estimated to be 0.125 g. The experimentally measured average tissue weight for the middle turbinate sections was 0.103 ± 0.022 g (mean ± SEM, n = 5), suggesting that the surface area estimate of 50 cm 2 is reasonably accurate.
Human olfactory sections were also cut to approximately 0.5 X 0.5-cm blocks. These sections, removed from the roof of the dorsal meatus, have only one surface lined with olfactory epithelium. Thus the surface area exposed to vinyl acetate was 0.5 X 0.5 cm = 0.25 cm 2 . The thickness of these tissue pieces was estimated to be approximately 0.25 cm, resulting in a tissue block of approximately 0.0625 cm 3 . Assuming the tissue has the same density as water, the tissue weight could be estimated to be 0.0625 g. The experimentally measured average tissue weight for the olfactory sections was 0.0595 ± 0.0086 g (mean ± SEM, n = 5), suggesting that the estimated surface area of 0.25 cm 2 is reasonably accurate.
Methods for Scaling Enzymatic Activity Data to Whole-Nose Equivalents
Kinetic constants for rats were scaled to whole-nose equivalents using two procedures: (1) nasal tissue wet weight and (2) nasal epithelial cell volume. These two procedures were compared for rat tissue to draw inferences regarding the tissue compartment responsible for metabolizing vinyl acetate and for comparison to in vivo measures of metabolic removal of vinyl acetate from the inspired air of rats (Bogdanffy et al, 1995) . Kinetic constants derived from experiments with human tissues were scaled to whole-nose values based on procedure 2.
Procedure 1: Wet tissue weight. Normalization of the kinetic constants to nasal tissue wet weight provides values that imply the enzyme activity is evenly distributed throughout the wet tissue contents (i.e., tissue components other than bone). Normalization of kinetic constants based on tissue wet weight is a common practice although not consistent with enzyme histochemical data.
Water content of respiratory and olfactory mucosae was estimated by measuring wet and dry weights of maxilloturbinates and 3EV turbinates, respectively. These experiments showed the water content of the maxilloturbinate and 3EV to be approximately 19.5 and 29.1%, respectively. These values were assumed to be constant throughout their respective regions of the nasal cavity. Homogenate data from Bogdanffy and Taylor (1991) were scaled to whole-nose values based on tissue weight and the following factors they reported for respiratory and olfactory mucosa, respectively: final homogenate protein concentration, 0.40 and 0.25 mg/ml; tissue dilution in buffer, 1:25; nasal cavity tissue content, 61.3 and 90.7 mg/nose. Aldehyde dehydrogenase data were derived from Casanova-Schmitz el al (1984) and were based on 30 mg respiratory tissue and 40 mg olfactory tissue collected from the nose of each rat and protein content representing approximately 9% of the total tissue weight.
Procedure 2: Epithelial cell volume. Normalization of the kinetic constants to nasal respiratory epithelial cell volume provides values that represent the enzyme activity of defined compartments of the nasal mucosa. Normalization of the data in this manner enabled us to assign enzymatic activity to tissue compartments in accordance with histochemical findings. Vinyl acetate is hydrolyzed only in specific cell types, or compartments. These are the respiratory epithelial cells, the apical cytoplasm of sustentacular cells, and Bowman's glands of the submucosa. The total volume of each of these compartments was determined from morphometric analyses of epithelial thickness and surface area. Published photomicrographs of rat or human nasal mucosa were used to obtain measures of the depth of respiratory epithelial cells, the sustentacular apical cell layer, and olfactory basal cells (Bogdanffy et al, 1986; Lewis et al, 1994; Talamo et al, 1995) (Table 1) . When available, photomicrographs of histochemical or immunohistochemical stains of carboxylesterase activity were chosen for evaluation. These measures were multiplied by the surface area values of respiratory epithelium and olfactory epithelium to derive the appropriate compartment volumes for the whole nose. These values are presented in Table 2 .
V max values derived from the gas uptake experiments were scaled to whole nose by using a ratio of cell volumes; assayed specimen: whole nose (Table 2) . For example, the rat maxilloturbinate has a measured surface area of 20.3 mm 2 and an epithelial thickness of 0.049 mm, giving a volume of 0.99 mm 3 . Thus rat carboxylesterase and aldehyde dehydrogenase V max values obtained from a single maxilloturbinate were scaled to whole nose by multiplying by the factor of 30.5/0.99. By analogy, the carboxylesterase V max value obtained from a single rat 3EV was scaled to whole nose using the factor of 27/1.02, while Downloaded from https://academic.oup.com/toxsci/article-abstract/46/2/235/1634751 by guest on 31 December 2018 aldehyde dehydrogenase activity in olfactory epithelium was scaled using a factor of 4.73/0.18.
Carboxylesterase activity from homogenate experiments was apportioned between the two enzymatically active compartments, apical aspect of sustentacular cells and Bowman's glands, in a manner similar to that previously reported (Morris et al, 1993) and described below. Assignment of activity to these compartments is also supported by histochemical data (Bogdanffy et al, 1987; Olson et al, 1993) . To accomplish the apportioning of the homogenate V max , it was assumed that the sum of the enzyme activity in the apical aspect of sustentacular cells and Bowman's glands equaled the total olfactory activity. The percentage of the total activity contributed by the apical aspect of the sustentacular cells and Bowman's glands was estimated to be proportional to their respective total cellular volumes. Thus the percentages of the carboxylesterase activity attributable to the apical aspect of sustentacular cells and Bowman's glands were estimated to be 28 and 72%, respectively. Furthermore carboxylesterase staining intensity was not equivalent between sustentacular cells and Bowman's glands. Bogdanffy et al. (1987) used a grading system to gauge the relative intensity of staining between the two compartments. In this scheme, the sustentacular cells received a score of + + , while the Bowman's glands received a score of + + + . These assignments were then used to adjusted the intensity of the carboxylesterase activity by -. Although somewhat subjective, use of this distribution has been successful in other similar compartmental descriptions of olfactory carboxylesterase activity (Morris et al, 1993; Plowchalk et al, 1997) .
RESULTS

Estimation of Turbinate Surface Areas
Referring to section levels given for the F344 rat nasal passages by Mery et al. (1994) , the maxilloturbinate extended approximately 9 mm axially from level 4 to level 8. In each cross section, the maxilloturbinate began ventrally midway up the ventral lateral wall, extended dorsally along the airway perimeter, and ended at the ventral aspect of the ventral lateral meatus (see also Morgan et al., 1991) . The 3EV ethmoturbinate extended approximately 3 mm axially from level 15 to level 25. This turbinate is the ventral scroll of ethmoturbinate 3, as given in Mery et al. (1994) , and its lateral aspect forms part of the lateral wall of the main airspace adjacent to the nasal septum.
Regions marked in the computer model corresponding to the maxilloturbinate and the 3EV turbinate are shown in Fig. 2 . The surface area of the maxilloturbinate was estimated to be 20.3 mm 2 , and the surface area of the 3EV turbinate was estimated to be 25.5 mm 2 .
In Vitro Gas Uptake Determination of Kinetic Constants
The values for V max and K m for individual turbinate specimens are shown in Table 3 . An example of the model fit to the rat maxilloturbinate data is presented in Fig. 3 . ACSL-OPT yielded similar values for V max and K m regardless of starting value, indicating that the optimized kinetic constants were not sensitive to starting value. Carboxylesterase and aldehyde dehydrogenase activity values were similar between the rat and human specimens. When normalized to the appropriate epithelial cell volume, rat respiratory carboxylesterase activity was approximately 3 times greater than that of humans. Olfactory carboxylesterase activity was similar between species. Rat respiratory aldehyde dehydrogenase activity was about twice that of humans. Olfactory aldehyde dehydrogenase activity was similar between species. K m values for both enzymes were similar among tissues and species.
Histological evaluation of the tissues following the experimental exposures revealed normal histology.
To test the role of submucosal enzyme activity in the metabolism of vinyl acetate, an alternate model was constructed with passive diffusion to the submucosa (i.e., carboxylesterase activity in the submucosa was set to zero). The localization of aldehyde dehydrogenase activity was not changed. These analyses (not presented) yielded enzyme kinetic constants nearly identical (approximately 7% different) to those presented in Table 3 .
Comparison of Carboxylesterase Activity Derived by Homogenate vs in Vitro Gas Uptake Techniques
Two approaches were used to scale the kinetic constants determined from individual specimens to whole-nose values (Table 4) . Results obtained from scaling the kinetic constants to whole nose based on tissue wet weight were not consistent between homogenate and gas uptake techniques. Carboxylesterase V mM values obtained using homogenates of respiratory and olfactory mucosa (calculated from Bogdanffy and Taylor, 1991) were 3-and 23-fold higher than those obtained using the in vitro gas uptake technique. K m values were more comparable and differed by less than a factor of 1.8. The in vitro gas uptake values were consistently lower than the homogenatederived values.
Scaling the kinetic constants to whole-nose values based on specific cell volume accounts for the cellular distribution of enzyme activity in whole tissue (as described in the materials and methods). This scaling technique gave more comparable V max values. The V max values derived using the homogenate or in vitro gas uptake techniques differed by a factor of less than 1.2. Based on this finding, results hereafter were only scaled based on cellular volume.
Human nasal carboxylesterase kinetic constants generated using the in vitro gas uptake technique, scaled to whole nose, are presented in Table 5 . Sample variability among the human tissue samples is illustrated in Fig. 4 . Respiratory epithelial carboxylesterase activity accounted for approximately 91 % of the total nasal carboxylesterase capacity.
Attempts to measure vinyl acetate carboxylesterase activity were unsuccessful for all homogenates of human nasal tissue except one. Homogenate activity was estimated to be less than 478 nmol/min/mg protein in one human olfactory sample (case I. D. PTD), which is approximately 200 times lower than the V mas value estimated using male rat olfactory homogenates (88.81 /xmol/min/mg protein, Bogdanffy and Taylor, 1991 
Comparison of Aldehyde Dehydrogenase Activity Derived by Homogenate vs in Vitro Gas Uptake Techniques
Aldehyde dehydrogenase kinetic constants derived from rats using the in vitro vapor uptake technique and calculated from homogenate data Casanova-Schmitz et al. (1984) are presented in Table 6 . V max values for respiratory mucosa differed by a factor of approximately 1.4, while those of olfactory tissue were within a factor of 1.6. K m values were identical for the two techniques.
Estimates of human nasal tissue aldehyde dehydrogenase kinetic constants are presented in Table 7 . Respiratory epithelial aldehyde dehydrogenase activity accounted for approximately 97% of the total nasal aldehyde dehydrogenase capacity.
DISCUSSION
Kinetic constants that determine rates of metabolic activation and detoxication are critical components of PBPK models, and the proper determination of these constants is not a trivial matter. Principles of physiologically based modeling have recently been applied to studies of nasal toxicity, but metabolic rate constants and general biochemical information that apply to nasal tissue are lacking . The heterogeneity of tissue types (squamous, transitional, respiratory, and olfactory), cell types within these tissues, and the discrete cellular localization of a variety of xenobiotic-metabolizing enzymes further complicates the analysis of these critical rate constants (Bogdanffy, 1990; Thornton-Manning and Dahl, 1997) . Fortunately, the histochemical distribution of the critical pathways for vinyl acetate metabolism has been defined for both carboxylesterase and aldehyde dehydrogenase (Bogdanffy et al., 1986 (Bogdanffy et al., , 1987 . These data are important to the proper assignment of enzymatic activity determined from homogenates of nasal tissue.
Derivation of kinetic constants is typically performed with tissue extracts (e.g., whole homogenates or microsomal fractions), and may be appropriate for relatively homogeneous tissues such as the liver. However, the work presented here has shown that very different results can be obtained depending on the procedure used to normalize the constants to whole-organ values, in this case the nasal mucosa. When the cellular dis- tribution of enzyme activity is taken into account in the whole tissue normalization process, kinetic constants compare favorably with results obtained from whole tissues in which cellular architecture is maintained (Table 4) . Normalization of the homogenate carboxylesterase activity to account for only sustentacular cell metabolism provided rates similar to that derived using the in vitro gas uptake technique. This result suggests that vinyl acetate metabolism occurs almost exclusively in the sustentacular cells. Cytotoxicity studies support this conclusion (Kuykendall et at, 1993; Trela et at, 1992) . The in vitro gas uptake technique is ideally suited to the study of nasal tissue metabolism of vapors such as carboxylic esters. Metabolism at the aintissue interface, which more closely represents what would occur in vivo, is assessed. Previous research on a variety of inhaled esters that was conducted with extracts of whole olfactory tissue suggested that the metabolic capability of the olfactory mucosa greatly exceeds that of respiratory mucosa and that this factor was a primary determinant of the increased sensitivity of olfactory tissue to the toxic effects of inhaled organic esters (Stott and McKenna, 1985; Bogdanffy and Taylor, 1991; Dahl et ai, 1987; Frederick et ai, 1994) . However, the present results suggest that olfactory metabolism, of vinyl acetate at least, occurs almost exclusively in the apical aspects of sustentacular cells. In fact, the esterase activity of the sustentacular cell is probably similar to that of the respiratory epithelial cells. Tables 3 and 4 show a difference of twofold or less in V max between respiratory and olfactory tissue preparations of rats and humans when these have been adjusted so that the activity represents the enzymatically active cellular compartment. Extending this concept to other inhaled esters seems reasonable.
The conclusion that vinyl acetate is metabolized almost exclusively in the surface epithelium is also consistent with the homogenate experiments with human tissue wherein activity was not detected. Human nasal submucosal tissue is more than five times as thick as rat nasal mucosa (unpublished observa- tions) and, in contrast to the rat, human submucosal tissue contains very little immunohistochemically demonstrable activity (Lewis et al, 1994) . Therefore, homogenization of human mucosa results in the dilution of carboxylesterase activity by nonactive protein.
The V max value obtained from the in vitro gas uptake technique can be compared to in vivo estimates of V max . With the unidirectional vapor deposition method developed by Morris (1990) , V max /K m for the whole nose was estimated to be 776 ml/h (Bogdanffy et al, 1995) . Multiplying 776 ml/h by the respiratory in vitro gas uptake K m of 0.040 mg/ml yields a V max estimate of 31.0 mg/h. This value is lower than the sum of the whole nose respiratory and olfactory V max values derived from the in vitro gas uptake technique (108 mg/h) ( Table 4) . However, at subsaturating vinyl acetate concentrations where V mSL JK m would be an appropriate measure of vinyl acetate metabolism, nasal extraction is expected to occur predominantly in respiratory regions.
2 Thus 31.0 mg/h is more directly comparable to the in vitro gas uptake derived V max of 63 mg/h. Furthermore, summing these values assumes that the entire respiratory and olfactory surface areas contain no deadspace volumes and are available to the airstream. Nasal airflow modeling suggests a large portion of the olfactory epithelium is in fact associated with deadspace volume, although a quantitative estimate of this portion is not yet available (J. S. Kimbell, personal communication) . Given that the two V max estimates are derived from entirely different methodologies (e.g., in vitro vs in vivo), discrepancy by a factor of two seems reasonable.
Many inhaled esters show a preferential cytotoxic effect in olfactory epithelium (Miller et al., 1984 (Miller et al., , 1985 Reininghaus et al, 1991; Keenan et al, 1990) . Ultrastructural evaluation of the early degenerative changes in olfactory epithelium induced by dibasic esters show that the sustentacular cell, not the sensory cell, undergoes the earliest necrotic changes such as vesicular swelling of cytoplasmic organelles and nuclear swelling and dispersion of chromatin (Trela et al, 1992) . This response is consistent with the presence of carboxylesterase activity in sustentacular cells and not in sensory cells (Bogdanffy et al., 1987) . It must be concluded, therefore, that the greater response of the olfactory epithelium, relative to respiratory epithelium, to the toxic effects of inhaled esters is less a function of metabolic capacity and more likely a function of cellular sensitivity to acid metabolites. Additional research on this topic seems warranted.
The in vitro gas uptake technique has several advantages and disadvantages. As discussed above, the primary advantage is that the method allows the estimation of rate constants in intact tissues. The isolated tissues do not have blood and mucus flow. For vinyl acetate this is not a disadvantage since blood flow removal from exposed tissues is negligible (Plowchalk et al, 1997) . This factor would have to be taken into account for poorly metabolized vapors for which blood flow removal from the tissue is important. Mucus flow rates, estimated to be less than 7 mm/min (Morgan et al, 1984) , are too slow to be of relevance to soluble vapor removal. However, metabolic enzymes in the mucus would be lost using this procedure when the tissue is isolated. Carboxylesterase is present in mucus albeit at low levels (Bogdanffy et al, 1987) , and therefore the activities presented here represent tissue and not tissue plus mucus. Application of the experimental and mathematical approach presented here to a wide range of xenobiotics would require modification. An important factor to consider is the potential for cofactor loss becoming rate-limiting (such as NADPH in the case of cytochrome P-450 substrates). Aldehyde dehydrogenase is an NAD + -dependent enzyme. Since the aldehyde dehydrogenase activities derived using the in vitro gas uptake system were in good agreement with those derived using a cofactor-supplemented homogenate technique, cofactor depletion does not appear to be a limiting factor. Nevertheless, this factor could be overcome if necessary by supplementing the system with the appropriate nutrients in a culture medium necessary to drive cofactor generation and accounting for partitioning behavior of chemical into the nutritive media and then from the medium into the tissue. Such was the approach of Kedderis et al. , who used a similar gas uptake method to study the metabolism of furan in isolated hepatocytes (Kedderis et The results presented here suggest that the in vitro gas uptake technique is useful for deriving enzyme kinetic constants where effects of tissue architecture are preserved. Kinetic constants derived from homogenates compared well with those of the in vitro gas uptake technique when the cellular organization of carboxylesterase and aldehyde dehydrogenase enzymes is considered in the procedures for scaling enzyme activities to whole tissue. The rates of metabolism measured using the in vitro gas uptake technique were comparable to those estimated from in vivo experiments. Finally, the results suggest that caution should be exercised when scaling homogenate-derived values to whole organ estimates, especially in organs of cellular heterogeneity.
APPENDIX
During a mini gas uptake experiment the chemical species in the vial is constantly being absorbed into the tissue and metabolized. To model this transient process we used a multicompartment approach with the bulk air in the vial represented by one compartment and the tissue represented by another compartment (Fig. 1) . The tissue compartment is further divided into subcompartments to represent various cell types such as epithelial cells, basal cells, and submucosal tissue. The model does not incorporate a mucus layer on top of the tissue compartment because it is removed in the tissue-washing step during preparation. Furthermore, blood perfusion in the tissue subcompartments is neglected because there is no blood flowing through the tissues in this in vitro preparation. The set of differential equations describing all physical and chemical processes transporting the vapor from the air into the tissue are derived in this section.
The vapor in the vial is assumed to be well mixed and is represented by a mixed mean concentration (C). The net flux due to diffusion from air to the tissue will then be directly proportional to the mean concentration gradient between the bulk air and the air:tissue interface, the tissue surface area, the vapor diffusivity in air, and inversely proportional to the average vial dimension. Using Fick's law, this diffusive flux is given by
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where A' is the vapor flux from air to the tissue in yxg/min, 5 is the surface area of the tissue in cm 2 , D a is the air-phase vapor diffusivity in cm 2 /min, L is the average vial dimension in cm, H is the aintissue partition coefficient, C, is the vapor concentration in the first tissue compartment in /xg/ml, and CJH is the air-phase interfacial vapor concentration. Applying mass balance, the rate of depletion of the vapor in the vial is equal to the flux into the tissue:
where V is the vial volume. Once in the tissue, the chemical species is either metabolized or transported from one subcompartment to the next by diffusion. Once again applying mass balance, the rate of change of vapor concentration in the first tissue compartment will be dm, dC, SD t V m C,
Here v l is the volume of the first tissue compartment in cm 3 , Z), is the diffusivity of the vapor in the tissue in cm 2 /min, / is the average distance between adjacent tissue compartments in cm, C 2 is the vapor concentration in the second tissue compartment in pig/ml, and V max and K m are the M-M reaction parameters in /xg/min and /xg/ml, respectively. In the above equation the first term on the right-hand side is the flux from the air phase into the first tissue compartment, the next term is the diffusive flux out of the first compartment, and the last term is the rate of vapor deletion due to metabolic activity.
Using a similar analysis, if C,-_ i, C,, and C, + , are the vapor concentrations in three adjacent tissue compartments, then the rate of change of vapor concentration in the /th compartment will be For the nth (last) compartment dm n dC n SD l V m C ñ d7 =Vn~d 7 = ~T (C "-~ Cn) ~ K m +C/ For a total of n tissue compartments we can derive a total of n + 1 differential equations. Solving these equations simultaneously, we can evaluate the vapor concentration in the air and tissue subcompartments (n + 1 variables) as a function of time.
The commercially available software ACSL (MGA Software, Concord, MA) was used to simultaneously solve this system of differential equations. Physical, chemical, and an initial estimate of the kinetic parameters are input into the model and the vapor concentration in the vial is solved using ACSL. Using this initial guess for V max and K m , ACSL optimizes for these values such that the model-generated vial vapor concentration fits the experimental data as a function of time. To verify that optimized V max and K m values were not sensitive to the choice of initial value, various initial combinations of V m JK m were input to ACSL-OPT. ACSL-OPT is the optimization subroutine provided in the ACSL software. The ACSL code will be made available upon request.
